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Abstract
We investigate how precisely the CP nature of the 125 GeV Higgs boson h, parametrized
by a scalar-pseudoscalar Higgs mixing angle φτ , can be determined in h → τ−τ+ decay
with subsequent τ-lepton decays to charged prongs at the Large Hadron Collider (LHC). We
combine two methods in order to define an observable ϕ∗CP which is sensitive to φτ : We
use the ρ-decay plane method for τ∓→ ρ∓ and the impact parameter method for all other
major τ decays. For estimating the precision with which φτ can be measured at the LHC
(13 TeV) we take into account the τ−τ+ background from Drell-Yan production and perform
a Monte Carlo simulation of measurement uncertainties on the ϕ∗CP signal and background
distributions. We obtain that the mixing angle φτ can be determined with an uncertainty of
∆φτ ' 15◦ (9◦) at the LHC with an integrated luminosity of 150fb−1 (500fb−1), and with
∆φτ ≈ 4◦ with 3ab−1. Future measurements of φτ yield direct information on whether or
not there is an extended Higgs-boson sector with Higgs-sector CP violation. We analyze this
in the context of a number of two-Higgs-doublet extensions of the Standard Model, namely
the so-called aligned model and conventional two-Higgs-doublet extensions with tree-level
neutral flavor conservation.
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I. INTRODUCTION
The investigations of the production and decay modes of the h(125GeV) spin-zero resonance,
which was discovered at the Large Hadron Collider (LHC) in 2012 [1, 2], show that the
properties of this particle are compatible [3, 4] with those of the Standard Model (SM) Higgs
boson. In particular, the analysis of angular correlations in h→ ZZ,W+W− excluded that
h is a pseudoscalar state (JP = 0−) [5, 6]. However, the results of [5, 6] do not imply that
h is purely CP-even (JP = 0+), because a pseudoscalar component of h is most likely not
detectable in its decays to weak gauge bosons.
The exploration whether or not h(125GeV) is a pure CP-even state is of prime interest. If a
CP-odd component of h would be detected, that is, if h would turn out to be a CP mixture, it
would be evidence of new physics, i.e., of non-standard CP violation. One way to probe the
CP nature of h is to measure ττ spin correlations in h→ τ+τ−. Respective phenomenological
investigations for h production and decay to τ leptons at the LHC include [7–14]. Because
the τ+τ− zero-momentum frame (ZMF) and the τ± rest frames cannot be experimentally
reconstructed at the LHC, the central aspect of these analyses is to define an alternative in-
ertial frame and to construct an observable in this frame which allows to discriminate with
high sensitivity between a CP-even, CP-odd, and a CP-mixed Higgs boson h. The method
proposed and applied in [8, 9, 13, 15] is applicable to all subsequent τ± decays into 1 or 3
charged prongs. It requires the measurement of the energy and 3-momentum of the charged
prong (which in our case is either a charged lepton or a charged pion) and its impact param-
eter in the laboratory frame. We will call this approach the impact parameter method in the
following. Another method, which we will call the ρ-decay plane method, was first proposed
and applied in [16–20] for Higgs-boson production and decay to τ+τ− in e+e− collisions.
The method works only for subsequent τ decays to charged ρ mesons and requires the mea-
surement of the 4-momenta of the charged and neutral pion from ρ± decay. This method was
analyzed in [10, 11, 14] for Higgs-boson production at the LHC and shows a better sensitiv-
ity to scalar-pseudoscalar Higgs mixing than the impact parameter method applied to τ → ρ
decays.
The aim of this paper is to combine both methods. We apply a slight variant of the ρ-decay
plane method to τ±→ ρ± and the impact parameter method of [8, 9, 13, 15] to the other major
1- and 3-prong τ decays and define a discriminating variable for probing the CP nature of h.
We analyze in this way all major τ decays into one and three charged prongs. We estimate
the statistical uncertainty with which the scalar-pseudoscalar Higgs mixing angle φτ defined
below can eventually be measured at the LHC (13 TeV) with this approach. Assuming that
this precision on φτ can be reached, we investigate its impact on the parameters of a number
of Standard Model extensions with non-standard CP violation, in particular Higgs-sector
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CP violation, namely the so-called aligned two-Higgs-doublet model [21] and conventional
two-Higgs-doublet models with neutral flavor conservation but Higgs-sector CP violation at
tree-level.
In this paper we consider the production of the Higgs boson h(125GeV) at the LHC with
13 TeV center-of-mass energy and its subsequent decay into a pair of τ leptons:
pp→ h+X → τ−τ++X . (1)
The analysis of this paper can be applied to any h production mode. For definiteness we shall
consider below Higgs production by gluon gluon fusion. The general model-independent
effective Yukawa interactions of h with τ leptons can be parametrized as follows:
LY =−mτv κτ (cosφτ τ¯τ+ sinφτ τ¯iγ5τ)h , (2)
where v = 246 GeV, κτ > 0 denotes the reduced Yukawa coupling strength, and the angle φτ
parametrizes the amount of CP violation in the hττ interaction. Henceforth, we will call φτ
the scalar-pseudoscalar Higgs mixing angle. At this point we recall the following terminol-
ogy. We call a neutral Higgs boson to be a CP-even or scalar state (CP-odd or pseudoscalar
state) if it couples – also beyond the tree level – only to scalar (pseudoscalar) fermion cur-
rents. If the Higgs boson couples to both currents we call it a CP mixture.
As already mentioned above, we analyze all major 1- and 3-prong tau decay modes:
τ → l+νl +ντ , (3)
τ → a1+ντ → pi+2pi0+ντ , (4)
τ → aL,T1 +ντ → 2pi±+pi∓+ντ , (5)
τ → ρ+ντ → pi+pi0+ντ , (6)
τ → pi+ντ . (7)
We call the decay mode τ → aL,T1 +ντ in (5) also ‘1-prong’, because the 4-momentum of a±1
can be obtained from the measured 4-momenta of the 3 charged pions. The longitudinal (L)
and transverse (T ) helicity states of the a1 resonance can be separated by using known kine-
matic distributions [22–25].
In the following we denote the final charged particles by a−,a′+ ∈ {e±,µ±,pi±,aL,T,±1 }. The
normalized distributions of polarized τ∓ decays to a∓ are, in the τ∓ rest frame, of the form:
Γa−1dΓa
(
τ∓(sˆ∓)→ a∓(q∓)+X)= n(E∓)[1±b(E∓) sˆ∓ · qˆ∓]dE∓dΩ∓4pi . (8)
Here, sˆ∓ are the normalized spin vectors of the τ∓ and E∓ and qˆ∓ are the energies and unit
3-momenta of a∓ in the respective τ rest frame. The spectral functions n and b are given, for
instance, in [9]. The function b(E∓) contains the information on the τ-spin analyzing power
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of the particle a∓. We recall that the τ-spin analyzing power is maximal for the direct decays
to pions, τ∓ → pi∓, and for τ∓ → aL,T,∓1 . (The τ-spin analyzing power of aL−1 and aT−1 is
+1 and −1, respectively.) For the other decays, the τ-spin analyzing power of l∓ and pi∓
depends on the energy of these particles. It can be enhanced by appropriately chosen energy
cuts.
The paper is organized as follows. In Sec. II we first review the impact parameter method
of [8, 9, 13, 15]. Then we introduce a slightly modified version of the ρ-decay plane
method [16–20] which allows to combine both methods for those τ−τ+ decays where one
τ lepton decays to ρ + ντ and the other one to a charged prong a 6= ρ . We define an angle
ϕ∗CP with which one can probe, with this combined method and for all τ
−τ+ decay modes
listed above, whether or not h has a CP-violating coupling to the τ lepton. Moreover, we
define an asymmetry [13, 15] that is useful in estimating the error ∆φτ with which the mixing
angle φτ can be measured in each τ−τ+ decay channel. In Sec. III we apply the combined
method introduced in the previous section to the h→ ττ decay modes listed above, at the
LHC (13 TeV). We take into account the irreducible background from Drell-Yan produc-
tion, γ∗/Z∗ → τ−τ+, apply acceptance cuts and account for measurement uncertainties by
Monte Carlo simulation4 as in [13]. We estimate the precision with which the mixing angle
φτ can eventually be measured at the LHC (13 TeV). In Sec. IV we investigate the impact
this precision on φτ and the expected precision on the reduced Yukawa coupling strength κτ
would have on the parameters of Standard Model extensions with non-standard CP viola-
tion, in particular Higgs-sector CP violation. We confine ourselves to non-supersymmetric
two-Higgs-doublet extensions. First we analyze the so-called aligned two-Higgs-doublet
model [21] and then discuss conventional two-Higgs-doublet models (2HDM) with tree-level
neutral flavor conservation and a CP-violating tree-level Higgs potential, namely the type-I
and type-II 2HDM, the flipped, and the lepton specific model. Finally, we add a short remark
on the so-called inert model. We conclude in Sec. V.
II. OBSERVABLES
In the decay h→ ττ the information on the scalar-pseudoscalar mixing angle φτ is encoded
in the spin-spin correlation of the τ+τ− leptons. For βτ =
√
1−4m2τ/m2h ≈ 1 the differential
decay width is proportional to (cf., for instance [9])
dΓh→τ+τ− ∝ 1− s−z s+z + cos(2φτ)
(
s−T · s+T
)
+ sin(2φτ)
[(
s+T × s−T
) · kˆ−] , (9)
4 Our own Monte-Carlo simulation program uses the external software packages [26–30].
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where kˆ− is the normalized τ− 3-momentum in the Higgs-boson rest frame, sˆ∓ are the unit
spin vectors of the τ∓ in their respective τ rest frames5, and s∓z (s
∓
T ) denotes the longitudinal
(transverse) component of sˆ∓ with respect to kˆ−. Eq. (9) shows that, in the Higgs-boson rest
frame, information on φτ is obtained from the correlation of the transverse components of the
τ-spins. This correlation is encoded in the distribution of the angle between the plane defined
by sˆ− and kˆ− and the plane defined by sˆ+ and kˆ−. The τ leptons self-analyze their spin direc-
tion through their parity-violating weak decays into charged prongs (cf. (8)). Nevertheless,
the angle between the above-mentioned plane cannot be measured directly because the τ±
rest-frames cannot be reconstructed. Yet, the impact parameter method [8, 9, 13, 15] or the
ρ-decay plane method [16–20] allows to determine this angle without reconstruction of the
4-momenta of the τ∓.
A. Impact parameter method
The method described in [8, 9, 13, 15] can be used for all τ∓ decay modes (3) - (7) if the
charged prongs prongs a−,a′+ have a non-vanishing impact parameter. This method requires
the measurement of the 4-momenta of a− and a′+ and their impact parameters vectors n∓
in the laboratory frame. The vectors n∓ begin at the Higgs-boson production vertex (which
should be known with some precision also along the beam direction, which we take to be the
z direction) and end perpendicular on the a− and a′+ tracks. The corresponding unit vectors
are denoted by nˆ∓. The 4-momenta q
µ
−, q
µ
+ of a
−,a′+ and the impact parameter 4-vectors
defined by nµ∓ = (0, nˆ∓) are boosted into the a−a′+ ZMF. The variables in the a−a′+ ZMF
are denoted by an asterisk, for instance, q∗µ∓ , n
∗µ
∓ . An observable that is sensitive to the CP
nature of the Higgs boson is obtained as follows: We decompose n∗∓ into their normalized
components nˆ∗∓|| and nˆ
∗∓
⊥ which are parallel and perpendicular to the respective 3-momentum
q∗− and q∗+. An unsigned angle ϕ∗ (0 ≤ ϕ∗ ≤ pi) and a CP-odd and T -odd triple correlation
O∗CP (−1≤ O∗CP ≤ 1) can be defined by
ϕ∗ = arccos(nˆ∗+⊥ · nˆ∗−⊥ ) , O∗CP = qˆ∗− · (nˆ∗+⊥ × nˆ∗−⊥ ) , (10)
where qˆ∗− is the normalized a− momentum in the a−a′+ ZMF. Using these two quantities one
can define a signed angle ϕ∗CP [13] between the τ
−→ a− and τ → a′+ decay planes by
ϕ∗CP =
{
ϕ∗ if O∗CP ≥ 0 ,
2pi−ϕ∗ if O∗CP < 0 ,
(11)
5 These τ rest frames are obtained from the Higgs rest frame by a rotation-free Lorentz boost along the τ±
momenta.
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Figure 1. Left: Definition of 3-vectors and the angle ϕ∗CP in the a−a′+ ZMF (here pi−pi+ ZMF) for the
impact parameter method. Right: Normalized ϕ∗CP distribution for pp→ h→ τ−τ+→ pi−pi++ 2ντ
at the LHC (13 TeV) at NLO QCD with qpi±T ≥ 20 GeV and |ηpi±|< 2.5, and mh = 125 GeV. The blue
dashed, the black dotted and black long-dashed line shows the distribution for a CP-even Higgs boson
(φτ = 0), a CP-odd Higgs boson (φτ =±pi/2) and a CP mixture (φτ =−pi/4), respectively. The solid
black flat line is the distribution due to the Z∗/γ∗→ ττ background.
and 0≤ ϕ∗CP ≤ 2pi . A sketch of the definition of ϕ∗CP in the a−a′+ ZMF is given in Fig. 1, left.
The distributions of ϕ∗CP were computed for inclusive Higgs production i j→ hX (where i j
denote partons) and subsequent decays h→ τ−τ+→ a−a′+ in [13]. The differential partonic
cross section σˆi j, integrated over the polar angles of the charged prongs, is proportional to
1−pi2b(E−)b(E+)cos(ϕ∗CP−2φτ)/16, where the functions b(E−), b(E+) defined in (8) con-
tain the information on the τ-spin analyzing power of a− and a′+, respectively. From this
distribution the Higgs mixing angle φτ can be extracted.
For the computation of the ϕ∗CP distributions we use the Monte Carlo program MCFM [31]
to generate Higgs-boson production by gluon-gluon fusion at NLO QCD. Using the narrow
width approximation we include h→ τ−τ+ with τ spin correlations and the subsequent de-
cays τ−τ+ → a−a′+ with our own Monte Carlo code. As an example, we show in Fig. 1,
right, the normalized ϕ∗CP distribution pp→ h→ τ−τ+ → pi−pi++ 2ντ for the LHC for a
CP-even and CP-odd Higgs boson and for a CP-mixture.
A possible non-vanishing scalar-pseudoscalar mixing angle φτ can be extracted from the shift
of the measured distribution with respect to the SM prediction (CP-even h, blue dashed line).
One can determine φτ by fitting the function f = ucos
(
ϕ∗CP−2φτ
)
+w to the measured ϕ∗CP
distributions for the respective final states aa′. The function is constrained by
∫ 2pi
0 dϕ∗CP f =
2piw = σaa′ , where σaa′ is the h-production cross section including the respective decay
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branching fractions. The estimate of the uncertainty of ϕ∗CP for a given final state depends on
the values of the associated parameters u and w. For the comparison of different channels it
is convenient to use the following asymmetry [13, 15]:
Aaa
′
= 1σaa′
∫ 2pi
0 dϕ∗CP
{
dσaa′(ucos(ϕ∗CP−2φτ)> 0)−dσaa′(ucos(ϕ∗CP−2φτ)< 0)
}
=
−4u
2piw
. (12)
The values of Aaa
′
are independent of the mixing angle φτ but do depend on the product
of the τ-spin analyzing powers of a and a′. The larger Aaa′ the smaller the error ∆φτ in
this decay channel, for a given number of events. The τ-spin analyzing power, and thus
Aaa
′
, is maximal for the direct decays τ∓→ pi∓ and for τ∓→ aL,T∓1 . In case of the decays
τ∓→ l∓, τ∓→ ρ∓→ pi∓, and τ∓→ a∓1 → pi∓ the τ-spin analyzing power of the charged
lepton, respectively of the charged pion can be enhanced by applying an appropriate cut on
the energy of l∓ and pi∓, respectively.
For the ττ → pipi decay channel, the asymmetry Apipi = 39% if no cuts on the pions are
applied. While a cut on the rapidities of the charged pions does not change the normalized
ϕ∗CP distribution, rejecting pions with low qT increases the amplitude u. Applying the cuts
qpi±T ≥ 20 GeV, and |ηpi±| ≤ 2.5 on the final charged pions, as was done in Fig. 1, increases
the asymmetry to Apipi = 50%.
The asymmetry Aaa
′
was computed in [13] for all combinations of the τ decay modes (3) - (7)
with appropriate cuts. An important feature of the ϕ∗CP distribution is that the contribution
from the irreducible Drell-Yan background Z∗/γ∗→ ττ is flat for all charged prongs a,a′, as
shown in [13]. The Drell-Yan contribution decreases the height of the normalized distribution
and thus the magnitude of the asymmetry (12), but is not a major obstacle in extracting the
Higgs mixing angle φτ .
B. Method using the ρ-decay plane
For Higgs-boson production in e+e− collisions and the subsequent decay channel
h → τ−τ+ → ρ−ρ+ + 2ντ , a slightly different method was proposed and analyzed in
Refs. [16–20] for determining the scalar-pseudoscalar mixing angle φτ . This method re-
quires that the tracks of the charged and neutral pion of each ρ decay can be separated. That
is, both the charged and the neutral pion momenta must be measured and correctly assigned
to ρ∓. The charged and neutral pion momenta are then boosted into the ρ−ρ+ ZMF, and
the resulting pi−,pi0 and pi+,pi0 3-momenta in this frame define two decay planes. The angle
between these planes serves as discriminating variable for determining the CP nature of h.
This approach was applied in the recent studies [10, 11, 14] for Higgs-boson production at
the LHC.
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Figure 2. Illustration of ϕ∗CP in the ρ decay-plane method as defined in (14) for pp→ h0→ τ−τ+→
ρ−ρ++2ν .
Rather than choosing the ρ−ρ+ ZMF we use in the following, as for the impact parameter
method, the a−a′+ ZMF of the charged pions from ρ∓ decay. This allows us to standardize
the definition of the discriminating variable for both methods. In the remainder of this section
we define this variable for the h→ τ−τ+→ ρ−ρ+ decay channel. One boosts the pi−,pi0 and
pi+,pi0 4-momenta, measured in the laboratory frame, into the pi−pi+ ZMF. In this frame,
we denote the pi−,pi0 (pi+,pi0) 3-momenta by q∗−,q∗0− (q∗+,q∗0+). In the pi−pi+ ZMF we
compute, for each neutral pion, the normalized vector qˆ∗0−⊥ and qˆ
∗0+
⊥ which is transverse to
the direction of the associated charged pion. The angle between these two vectors is given
by6
ϕ ∗ = arccos
(
qˆ∗0+⊥ · qˆ∗0−⊥
)
, 0≤ ϕ ∗ ≤ pi . (13)
In order to define a signed angle we use the CP-odd triple correlation O∗
O∗ = qˆ∗− · (qˆ∗0+⊥ × qˆ∗0−⊥ ) , −1≤ O∗ ≤+1 .
The discriminating variable that is sensitive to the mixing angle φτ is defined by
ϕ∗CP =
{
ϕ ∗ if O∗ ≥ 0
2pi−ϕ ∗ if O∗ < 0 , with 0≤ ϕ
∗
CP ≤ 2pi . (14)
The angle ϕ∗CP is shown in Fig. 2. In order to obtain a non-trivial ϕ
∗
CP distribution, one needs
to separate the events into two classes depending on the sign of the τ∓ spin-analyzing func-
tions or polarimeter vectors associated with the τ∓→ ρ∓ decays [16–20]. These polarimeter
6 In (13) and in (14) we use the same notation as in (10) and (11), respectively, in order not to overload the
notation.
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Figure 3. Normalized ϕ∗CP distribution obtained with the ρ-decay plane method (14) for pp→ h→
τ−τ+ → ρ−ρ++ 2ντ at the LHC (13 TeV). The left and right plots are for events with yτ > 0 and
yτ < 0, as defined in (15). The cuts pρ±T ≥ 20 GeV and |ηρ±|, |ηpi±| ≤ 2.5 were applied. The blue
dashed, black dotted, and black long-dashed lines show the distribution for a CP-even Higgs boson
(φτ = 0), a CP-odd Higgs boson (φτ =±pi/2), and a CP mixture (φτ =−pi/4), respectively. The flat
lines are the distributions due to Drell-Yan production.
vectors are proportional to Epi±−Epi0 , where Epi± and Epi0 are the energies of the pions asso-
ciated with the decays of ρ± in the respective τ± rest frames. Using the variables
yτ− =
(Epi−−Epi0)
(Epi−+Epi0)
and yτ+ =
(Epi+−Epi0)
(Epi++Epi0)
(15)
and selecting
yτ > 0 or yτ < 0 , where yτ = yτ−y
τ
+ , (16)
the events are divided into two classes. The resulting distributions are shown in Fig. 3 for the
gluon-gluon fusion process pp→ h→ τ−τ+→ ρ−ρ++2ν for the LHC (13 TeV).
The definition of ϕ∗CP in Eq. (14) has been chosen such that the resulting Higgs-boson dis-
tributions in Fig. 3 left, i.e. for yτ > 0, agree with the respective distribution obtained with
the impact parameter method and with those7 of Ref. [18]. For yτ < 0 (Fig. 3, right) all
ϕ∗CP distributions are shifted by ϕ
∗
CP→ ϕ∗CP+pi , as compared to those of Fig. 3, left. This is
because in this case the product of the two τ∓→ ρ∓ spin-analyzing functions is negative.
The cuts on yτ are academic because the τ rest frames can in general not be reconstructed.
Therefore, we use in the following the variables
yL− =
(
ELpi−−ELpi0
)
(
ELpi−+E
L
pi0
) and yL+ =
(
ELpi+−ELpi0
)
(
ELpi++E
L
pi0
) , (17)
7 The distributions given in [16, 17, 19, 20] are shifted by an angle of pi due to a different definition of ϕ∗ which
uses normalized vectors perpendicular to the planes spanned by the ρ mesons and their decay products.
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pp → h → ρ+ρ-|ηρ±|,|ηπ±| ≤ 2.5
pT
ρ ≥ 20 GeV, yτ ≥ 0
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ρ ≥ 0 GeV, yτ ≥ 0
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ρ ≥ 20 GeV, yL ≥ 0
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Figure 4. ϕ∗CP distribution defined in Eq. (14) for pp→ h→ τ−τ+→ ρ−ρ++ 2ν at LHC (13 TeV)
for a CP-even Higgs boson using the ρ-decay plane method. The black dotted and black dashed line
(solid red line and dot-dashed red line) show the distribution if the cut on y = y1y2 is performed in the
corresponding τ rest frames (in the laboratory frame). For the distributions displayed by the solid red
line and black dotted line an additional cut of pTρ ≥ 20 GeV on the hadronic τ-jet was applied.
where E Lpi± and E
L
pi0 energies of the charged and the neutral pions associated with the decays
of ρ± in the laboratory frame. Again, using yL = yL−yL+ one separates events into two classes
according to yL > 0 and yL < 0.
The effect of selecting events with respect to the sign of yτ and yL on the ϕ∗CP distribution
are compared in Fig. 4 for the case of a CP-even Higgs boson. If no cuts on the transverse
momenta of the ρ mesons are applied the asymmetry (12) associated with the curve yL ≥ 0
(red dot-dashed line, Aρρ ' 14%) is reduced considerably with respect to the one for yτ ≥ 0
(black dashed line, Aρρ ' 28%).
However, the situation is different if a minimum pT -cut on the hadronic jet from τ → ρ
decay is imposed. We use pTρ ≥ 20 GeV. At the LHC such a cut is indispensable in order to
suppress the QCD background. In this case the asymmetry (12) is much less reduced if one
selects the events with respect to yL rather than yτ , namely from Aρρ ' 29% to Aρρ ' 21%.
C. Combination of impact parameter and ρ-decay plane method
In this section we combine the impact parameter and ρ-decay plane method of Sec. II A
and II B and define the discriminating variable ϕ∗CP for this case.
Let us consider the decay channels h→ τ−τ+→ a−ρ+. For the τ+→ ρ+→ pi+pi0 decay
we assume that the momenta of the charged and neutral pion can be measured. The τ− may
decay via one of the major decay channels τ− → a− listed in Eqs. (3) - (7), including the
10
decay via a ρ− meson8. For the τ− decay we demand a non-vanishing impact parameter of
the final charged prong a−.
As before, the variable ϕ∗CP will be defined in the zero-momentum-frame of the final charged
prongs a−a′+, where in the case at hand a− = e−,µ−,pi− and a′+ = pi+. The pi+ and pi0 mo-
menta from τ+→ ρ+ decay are boosted into the a−a′+ ZMF and we calculate in this frame,
as described in Sec. II B, the transverse neutral-pion direction with respect to the charged pion
momentum. The resulting normalized vectors are denoted by qˆ∗0+⊥ and qˆ
∗+, respectively. For
the τ−→ a− decay we boost the 4-momentum of the charged prong and its corresponding
impact parameter vector nµ− = (0, nˆ−) also into the a−a′+ ZMF. The resulting 4-vectors are
denoted by qµ∗− and nµ∗−. In the a−a′+ ZMF we calculate the normalized transverse vector
nˆ∗−⊥ as described in in Sec. II A. The normalized 3-momentum of the charged prong a
− is
denoted by qˆ∗−. With these variables, an angle ϕ ∗ and a triple correlation O∗ are defined by
ϕ ∗ = arccos
(
qˆ∗0+⊥ · nˆ∗−⊥
)
, O∗ = qˆ∗− · (qˆ∗0+⊥ × nˆ∗−⊥ ) , (18)
and the resulting variable which is sensitive to the CP nature of h is, as before,
ϕ∗CP =
{
ϕ ∗ if O∗ ≥ 0
2pi−ϕ ∗ if O∗ < 0 , with 0≤ ϕ
∗
CP ≤ 2pi . (19)
In order to obtain a non-trivial ϕ∗CP distribution one has to separate, as described in Sec. II B,
events from τ+→ ρ+ decay which have positive and negative values of yL+ defined in (17).
Also the τ−→ a− events may have to be divided into two classes, depending on the decay
mode, cf. [13]. For the direct decay τ−→ pi−+ντ , for τ−→ a−L,T1 +ντ , and for the leptonic
decays τ−→ l−+ ν¯l +ντ such a separation is, however, not necessary.
For the decays h→ τ−τ+→ ρ−a+ one proceeds analogously to the charge-conjugate modes
described above. In this case the angle ϕ ∗ and O∗ are defined by
ϕ ∗ = arccos
(
qˆ∗0−⊥ · nˆ∗+⊥
)
, O∗ = qˆ∗− · (nˆ∗+⊥ × qˆ∗0−⊥ ) , (20)
and ϕ∗CP is given again by (19). Here , the events from τ
−→ ρ− decay which have positive
and negative values of yL− (cf. (17)) have to be separated. In addition, also the τ+→ a+ may
have to be divided into two classes, see [13].
For the decays h→ τ−τ+→ a−ρ+ the definition of the angle ϕ∗CP is sketched in Fig. 5, left.
For the specific case where τ− decays directly to pi−, the ϕ∗CP distribution is shown for events
with yτ+ > 0 in Fig. 5, right. For demonstration purposes we used here the variable y
τ
+ > 0
defined in (15) rather than yL+. Cuts as given in the caption of this figure are applied. The
8 Here we assume that the momenta of the charged and neutral pion from ρ− decay can not be separated with
sufficient precision. Otherwise one would use the ρ-decay plane method as described in Sec. II B.
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Figure 5. Left: Definition of the angle ϕ∗CP in case of the combined method. Right: Normalized ϕ∗CP
distributions, Eq. (19), for pp→ h→ τ−τ+→ pi−ρ++2ντ events with yτ+ > 0 at the LHC (13 TeV).
The cuts qpi
−
T , p
ρ+
T ≥ 20 GeV and |ηρ+ |, |ηpi± | ≤ 2.5 were applied. The blue dashed, black dotted, and
black long-dashed lines show the distribution for a CP-even Higgs boson (φτ = 0), a CP-odd Higgs
boson (φτ =±pi/2), and a CP mixture (φτ =−pi/4), respectively. The flat line is the distribution due
to Drell-Yan production. The distributions for events with yτ+ < 0 are shifted by ϕ∗CP→ ϕ∗CP+pi .
asymmetry (12) computed from these distributions is A= 36%. This asymmetry is somewhat
larger than the asymmetry associated with the decay h→ τ−τ+→ ρ−ρ+ (cf. Fig. 3), because
the τ-spin analyzing power of the direct decay τ−→ pi− is one. The distributions for yτ+ < 0,
which are not shown, are shifted by ϕ∗CP→ ϕ∗CP+pi .
The ϕ∗CP distributions for the reactions with charge-conjugate final states, pp→ h→ τ−τ+→
ρ−pi++2ντ , are the same as those shown in Fig. 5, right, for events with yτ− > 0 and if cuts
analogous to those given in the caption of this figure are applied. The distributions for events
with yτ− < 0 are again shifted by ϕ∗CP→ ϕ∗CP+pi .
Let us consider, for definiteness, the decay of a CP-even Higgs boson. Fig. 6, left, shows the
ϕ∗CP distribution for h→ pi−ρ+ obtained with the combined method (solid red line), while the
dashed blue line is the distribution for h→ ρ−ρ+ obtained with the ρ-decay plane method.
For h→ pi−ρ+ the height of the distribution is somewhat larger than for h→ ρ−ρ+. This
demonstrates the importance of using the combined method for eventually attaining a good
precision of the Higgs mixing angle φτ . The ϕ∗CP distribution (dot-dashed black line) for
h→ l−ρ+ is also shown in this figure, This distribution has its minimum at ϕ∗CP = pi because
the τ-spin analyzing function of l− is negative.
The plots in Fig. 6, right, demonstrate that a realistic event selection, i.e., applying the
laboratory-frame cut yL+ > 0, does not significantly change the shape of the distribution.
Because here only one ρ meson is involved, the effect of such a cut is much smaller than
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Figure 6. Normalized ϕ∗CP distributions for a CP-even Higgs boson at the LHC (13 TeV). The cuts
pρ
±
T ≥ 20 GeV, |ηρ± |, |ηpi± |, |ηl− | ≤ 2.5 were applied. The dashed blue line (left plot) is the distribution
for h→ ρ−ρ+, as in Fig. 3, left. The solid red and dashed red lines (left and right plot) correspond to
h→ pi−ρ+ with the additional cut qpi−T ≥ 20 GeV. The dot-dashed black and dotted black lines (left and
right plots) correspond to h→ l−ρ+ with the additional cut ql−T ≥ 20 GeV. The distributions shown in
the left plot were computed with the cuts yτ > 0 and yτ+ > 0. The plot on the right shows the reduction
of the height of the distributions if the laboratory-frame cut yL+ > 0 is applied.
for h→ ρ+ρ−.
We have also investigated the impact of measurement uncertainties on the ϕ∗CP distributions,
both for the signal reactions and the Drell-Yan background. In Fig. 7 we show this impact for
a CP-even Higgs boson and for the channels τ−τ+→ pi−ρ+ and τ−τ+→ l−ρ+. We applied
the cuts pρ
+
T ≥ 20 GeV, |ηρ+|, |ηpi+| ≤ 2.5 for τ+→ ρ+ and qpi
−,l−
T ≥ 20 GeV, |ηpi−|, |ηl−| ≤
2.5 for τ−→ pi−, l−. The experimental uncertainties are simulated with a Gaussian smearing
of the impact parameter vectors of the charged tracks and the 4-momenta of the final elec-
trons, muons, charged and neutral pions as described in [13]. For those τ decays where the
impact parameter method is used to define ϕ∗CP, the primary vertex (PV) is smeared using
σPVz = 20µm, σPVtr = 10µm, σa
±
tr = 10µm, and the uncertainty on the intersection of the im-
pact parameter vector and the charged tracks is simulated with σpi
−,l−
tr = 10µm. The charged
pion and lepton momenta are smeared9 using σa±θ = 1 mrad and ∆E
a±/Ea
±
= 5%. For the pi-
ons from τ±→ ρ± decay we use for the charged pion momenta σpi±θ = 1 mrad, ∆Epi
±
/Epi
±
=
5% and for the neutral pion momenta σpi0θ = 0.025/
√
12 rad [32], and ∆Epi0/Epi0 = 10%.
As Fig. 7, left, shows, the impact of this smearing on the ϕ∗CP distribution for the τ
−τ+→
pi−ρ+ decay mode is rather small if only the uncertainty of the pi0 momentum is taken into
account (dotted black line). The uncertainty is dominated by the angular resolution σpi0θ .
The uncertainty of the pi± momenta has a much larger effect on the distribution (dashed
9 We consider a cone with opening angle θ around the particle track and σθ denotes the smearing parameter
around the track.
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Figure 7. Impact of measurement uncertainties on ϕ∗CP distributions. Left: CP-even Higgs boson
h→ τ−τ+ → pi−ρ+. Right: signal (solid black and red lines) and background (black dotted line)
distributions for pi−ρ+ and l−ρ+ final states.
black line) and is dominated by the smearing of the pi− impact parameter caused by the
uncertainties σPVz , σPVtr , and σpi
±
tr . The solid black line shows the distribution taking into
account all uncertainties.
In Fig. 7, right, we display the effect of the above smearing parameters on the distributions
for the decays to pi−ρ+ and l−ρ+, both for the signal and the Drell-Yan background. As
shown in this figure the normalized ϕ∗CP distribution of the Z
∗/γ∗ background is not affected
by the smearing. This is in contrast to the case of the distributions for those τ−τ+ decay
modes where for both τ decays the impact parameter method has to be used [13].
III. ESTIMATE OF THE EXPECTED PRECISION ON φτ
In this section we estimate the precision with which the mixing angle φτ may be deter-
mined for the h(125GeV) Higgs boson at the LHC (13 TeV) using the methods described
in Sec. II A - II C. As in [13] we generate the ϕ∗CP distributions for Higgs-boson production
by gluon-gluon fusion and for the Drell-Yan background Z∗/γ∗ → τ−τ+ for all major τ-
decay modes (3) - (7). We use the ρ-decay plane method of Sec. II B if both τ leptons decay
to ρ mesons and the combined method of Sec. II C in case only one of the τ leptons decays
to ρ . For all other τ-decay modes the impact parameter method is employed as described in
Sec. II A.
In order to compute the asymmetries (12) for the different decay channels, we apply the fol-
lowing experimentally motivated cuts: We require the τ-pair invariant mass Mττ ≥ 100 GeV
for all τ−τ+ decay channels. For the decays τ± → ρ±+ ν → pi±+ pi0 + ν , we demand
pρ
±
T ≥ 20 GeV and |ηρ±|, |ηpi±| ≤ 2.5. For the decays τ±→ l±+ 2ν and τ±→ pi±+ν we
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ττ decay channel AS [%] SS+B AS+B [%]
hadron-hadron 16.2 0.5 8.1
lepton-hadron 9.4 0.5 4.7
lepton-lepton 4.5 1/3 1.5
Table I. LHC13; Asymmetries for the hadron-hadron, lepton-hadron, and lepton-lepton decay modes,
obtained with the set of cuts and smearing parameters described in the text.
apply the cuts qpi
±,l±
T ≥ 20 GeV and |ηpi±|, |ηl±| ≤ 2.5. Furthermore, we assume that the lon-
gitudinal and transverse helicity states aL,T±1 of the a1 resonance can be reconstructed and we
use the cuts pa
λ
1
T ≥ 20 GeV and |ηaλ1 | ≤ 2.5 for the decays τ
±→ aL,T±1 +ν .
The experimental uncertainties are simulated by performing a Gaussian smearing of the 4-
momenta and impact parameter vectors as described in Sec. II C.
The asymmetries for those h→ τ+τ− decay channels, where at least one τ lepton decays
to a ρ meson, can be directly calculated from the smeared ϕ∗CP distributions of the signal
reactions, because the respective ϕ∗CP distribution of the Drell-Yan background is flat, cf.
Sec. II C. For those channels, where the impact parameter method has to be used both for
the τ− and τ+ decay, the shapes of the signal and background ϕ∗CP distribution are deformed
due to the smearing of the primary vertex. In these cases smeared asymmetries for the Higgs
signal are computed as described in [13].
The resulting asymmetries of the signal distributions for the hadron-hadron, lepton-hadron,
and lepton-lepton final states are given in the second column of Table I. The third column of
Table I contains S/(S+B) ratios taken from [33] which we use here. For the hadron-hadron
and lepton-hadron decay channels we assume the ratio S/B= 1 and S+B= 2events/fb, while
for the lepton-lepton decay modes we use S/B = 1/2 and S+B = 2 events/fb. With these
numbers, we obtain the asymmetries AS+B = AS×S/(S+B) given in column 4 of Table I.
With AS+B and the expected total number of events we estimate with a procedure described
in [13] the error ∆φτ with which the mixing angle φτ can be determined at the LHC. We obtain
that φτ can be measured with an uncertainty of 15◦ (9◦) if an integrated luminosity of 150fb−1
(500fb−1) will be collected. If eventually a luminosity of 3ab−1 could be achieved, the
precision on φτ may reach 3.6◦. The hadron-hadron decay modes of the τ+τ− pair yield the
highest precision: for instance, assuming an integrated luminosity of 3ab−1 we obtain ∆φτ '
4◦ for these modes, while the hadron-lepton and lepton-lepton decay channels yield ∆φτ ' 7◦
and ∆φτ ' 22◦, respectively. These results show that using both the impact parameter and
the ρ-decay plane method and their combination improves the precision on φτ compared
with the achievable precision using only the impact parameter method. With this method we
obtained in [13] for the combination of all decay channels the estimates ∆φτ ' 27◦ (150fb−1),
15
∆φτ ' 14◦ (500fb−1), and ∆φτ ' 5◦ (3ab−1).
It should be noted that the above estimates depend on the Higgs-boson production process
and, in particular, on the transverse momentum of the Higgs boson. For Higgs-boson events
with large large transverse momenta, the asymmetries decrease somewhat compared to the
numbers given in Table I. In addition, the achievable precision on φτ strongly depends on
the experimental resolution of the measurement of the impact parameters and on the angular
resolution of the determination of the pi0 tracks.
IV. IMPACT ON TWO-HIGGS-DOUBLET MODELS
In this section we analyze the impact of future measurements of the Higgs mixing angle φτ
and of the reduced τ-Yukawa coupling strength κτ on several SM extensions with a non-
standard Higgs sector.
Neutral Higgs bosons with CP-violating couplings to quarks and leptons appear in many SM
extensions in a natural way. Here, we restrict ourselves to non-supersymmetric SM exten-
sions. (For recent discussions of Higgs-sector CP violation in the context of supersymmetry,
see [34–36].)
Two-Higgs-doublet models (2HDM) are among the simplest SM extensions which allow for a
reduced Yukawa coupling strength κτ 6= 1 and/or a mixing angle sinφτ 6= 0 in the interactions
of the 125 GeV Higgs resonance with τ leptons as parametrized by (2). These models are
based on the SM gauge group and the SM field content is extended by an additional Higgs
doublet. The physical particle spectrum of these models contains three neutral Higgs particles
hi (i = 1,2,3), one of which is to be identified with the 125 GeV resonance, and a charged
Higgs boson and its antiparticle, H±. CP-violating Yukawa couplings of neutral Higgs bosons
to quarks and leptons, in particular to τ leptons, appear in these models in a natural way. (For
a recent review of these models, see, for instance, [37].)
In the following we discuss the implications of future measurements of the reduced Yukawa
coupling strength κτ and of the mixing angle φτ on the parameter spaces of several variants
of 2HDM. As estimated in Sec. III, we assume that φτ can be measured during the high-
luminosity run of the LHC (13 TeV) with a precision of ∆φτ = ±9◦ and eventually 10 ±4◦.
For κτ a precision of ±4% can be expected [38].
Let us first translate these expected experimental precisions into bounds on the reduced
Yukawa couplings to τ−τ+ of the 125 GeV resonance. In the following, we denote the
125 GeV Higgs boson by h1. Additional neutral Higgs bosons may exist – we assume here
and in the following that they are non-degenerate with h1. The flavor-conserving Yukawa
10 This precision could also be achieved at a future high-luminosity e+e− collider, cf. [15].
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Figure 8. Allowed regions in the space of the reduced τ-Yukawa couplings Re(y1τ), Im(y1τ) for
assumed measurements of κ1τ = 1.0±0.04 and φ1τ = 0◦±9◦ (grey segments) and φ1τ = 0◦±4◦ (red
segments), respectively.
interactions of neutral Higgs bosons hi to quarks and leptons f = q, l may be parametrized in
a model-independent way as follows:
LY =−m fv
(
Re(yi f ) f¯ f + Im(yi f ) f¯ iγ5 f
)
hi , (21)
where a sum over f and i is understood. We concentrate here on the reduced τ Yukawa
couplings Re(y1τ) and Im(y1τ). Assuming that future measurements yield11 κ1τ = 1.0±0.04
and φ1τ = 0◦±9◦, respectively φ1τ = 0◦±4◦, one gets the very small areas displayed in Fig. 8
within which Re(y1τ) and Im(y1τ) must lie. Notice that only the relative sign Re(y1τ) and
Im(y1τ) is fixed, because the measured value of φ1τ cannot be distinguished from φ1τ +pi .
A. The aligned 2HDM
Phenomenologically viable 2HDM are usually constructed such that flavor-changing neu-
tral current (FCNC) interactions are absent at tree level. This may be achieved by requiring
Yukawa couplings such that none of the right-chiral quark and lepton fields fR couples to both
Higgs doublets Φ1, Φ2. It can be enforced by assuming an appropriately chosen discrete Z2
symmetry (which is exactly obeyed by the Yukawa Lagrangian), and there are several possi-
ble implementations of such a symmetry (cf., for instance, [37]). (Below we shall call these
11 In this section we put an additional label on κτ and φτ referring to the Higgs boson hi.
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models ‘conventional 2HDM’.) Tree-level flavor conservation of the neutral Higgs interac-
tions can also be enforced by allowing both Higgs doublets to couple to fR but assuming that
the Yukawa coupling matrices of Φ1 and Φ2 are aligned in flavor space. While this is also
an ad hoc assumption, it is attractive from the phenomenological point of view: the resulting
model, the so-called aligned two-Higgs doublet model (A2HDM) formulated in [21] contains
as special cases all known 2HDM with tree-level neutral-current flavor conservation, and it
contains possible new sources of CP violation. Apart from CP-violating mixing of the neutral
Higgs-boson states caused by a Higgs potential which is CP-violating already at tree level,
each of the aligned Yukawa matrices of the u-, d-type quark and charged lepton sector may
contain a CP phase which affects the Yukawa couplings of the neutral Higgs bosons and those
of the charged Higgs boson.
The general gauge-invariant, hermitean, and renormalizable Higgs potential V (Φ1,Φ2) of
2HDM, which applies also to the A2HDM, breaks the CP symmetry if no restriction on the
parameters of V is imposed. CP violation by V is caused by complex couplings of soft and
hard Z2-symmetry breaking terms in V . If this is the case, the physical CP-even and -odd
neutral Higgs fields mix and the neutral fields respectively states h1,h2,h3 in the mass basis
are CP mixtures already at tree level. In the context of the A2HDM we use, as Ref. [21], the
Higgs doublets Φ1, Φ2 in the so-called Higgs basis, where only Φ1 has a non-zero vacuum
expectation value. In this basis, the doublets can be brought into the form
Φ1 =
(
G+,(v+S1+ iG0)/
√
2
)T
, Φ2 =
(
H+,(S2+ iS3)/
√
2
)T
, (22)
where G+ and G0 are the Goldstone fields, H+ is the physical charged Higgs-boson field, and
S1, S2 and S3 are the physical neutral fields, which are CP-even and -odd, respectively. They
are related to the fields h1,h2,h3 in the mass basis by
(h1,h2,h3)T = R(S1,S2,S3)T , (23)
where R is a real orthogonal 3×3 matrix. The matrix elements of R depend on the parameters
of the potential. Using (23), the Yukawa interactions (21) of the hi to quarks and leptons, i.e.,
the reduced Yukawa couplings to d-type quarks, charged leptons l, and u-type quarks are
given by [21]:
yid,l = Ri1+(Ri2+ iRi3)ζd,l , (24)
yiu = Ri1+(Ri2− iRi3)ζ ∗u , (25)
where the complex parameters ζu,ζd,ζl appear in the alignment ansatz for the Yukawa ma-
trices [21] and provide additional sources of CP violation. The Yukawa interactions of the
charged Higgs bosons H±, which involve also these complex parameters and the Cabibbo-
Kobayashi-Maskawa quark mixing matrix, are not needed in the following.
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The general reduced Yukawa couplings (24), (25) contain a number of unknown parameters:
three mixing angles which parametrize R and the three complex parameters ζu,ζd,ζl . We
may identify the 125 GeV Higgs resonance with h1 (see below). The allowed regions of the
reduced Yukawa couplings of h1 to τ leptons, Re(yi1τ) and Im(y1τ), which depend on five
unknown parameters, are those displayed in Fig. 8 if the envisaged experimental precisions
can be attained. The determination of the unknown parameters which determine the Yukawa
couplings (24), (25) of the A2HDM requires a global fit, with the (future) measurements of
κ1τ and φ1τ being part of the input, which is beyond the scope of this paper. We consider
here two special cases which are also of relevance for our purpose, namely the A2HDM with
complex parameter ζl and a Higgs potential that is CP-conserving at tree-level and the model
with Higgs-sector CP violation and real ζl . We discuss constraints on the parameters of these
models resulting solely from measurements of κ1τ and φ1τ .
1. Tree-level CP-conserving Higgs potential and complex ζl:
In this case there is no mixing of S3 with S1, S2 at tree level. The 3× 3 matrix R is now
block-diagonal, with R13 = R23 = R31 = R32 = 0 and R33 = 1. The mass eigenstates h1
and h2, which result from the mixing of S1 and S2, are CP-even and h3 = S3 is CP-odd.
(The assignment of the CP quantum numbers to these states is determined by their tree-level
couplings to the weak gauge bosons.) Because the LHC results [3, 4] exclude that the 125
GeV Higgs resonance is a pseudoscalar (which has no tree-level couplings to W+W− and
ZZ), it cannot be identified with h3. By convention we may identify it with h1. The reduced
τ-Yukawa couplings are in this case:
Re(yiτ) = Ri1+Ri2 Re(ζl) , Im(yiτ) = Ri2 Im(ζl) , i = 1,2 , (26)
Re(y3τ) =−Im(ζl) , Im(y3τ) = Re(ζl) . (27)
These equations show that the Higgs bosons hi can couple already at tree level to both scalar
and pseudoscalar τ lepton currents, due to the additional CP violation provided by the com-
plex parameter ζl from the aligned Yukawa sector, although the hi are CP eigenstates at tree
level with respect to their interactions with weak gauge bosons. Thus, also in this special
case of the A2DHM a nonzero value of sinφ1τ is possible. One should however notice that
the CP-violating Yukawa couplings (26), (27) induce at the 1-loop level CP-violating terms
in the effective Higgs potential which in turn lead to CP-violating mixing of the hi at the loop
level. Therefore, beyond the tree level, the hi are no longer CP eigenstates.
The 2×2 orthogonal submatrix (Ri j) (i, j = 1,2) depends on one parameter; i.e., for fixed i,
the two equations (26) depend on three unknowns. Thus, in order to determine these pa-
rameters, further experimental input is needed, apart from the measurement of the reduced
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coupling strength κ1τ and of φ1τ . Suppose this input implies that R12 6= 0. From Eq. (26) one
gets for i = 1, using the orthogonality of R and |Im(y1τ)/Im(ζl)| ≤ 1:
0 = κ1τ (Im(ζl)cosφ1τ −Re(ζl)sinφ1τ)± Im(ζl)
√
1− (κ1τ sinφ1τ/Im(ζl))2 . (28)
If it would turn out that κ1τ = 1, which corresponds to Re(y1τ) = 1 and Im(y1τ) = 0, Eq. (28)
is fulfilled for all ζl . In this case one could restrict the parameters Re(ζl), Im(ζl) using
Eq. (26) if R12 is known from some other measurement, and if it is non-zero which is likely.
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Figure 9. Aligned 2HDM with CP-conserving Higgs potential but Im(ζl) 6= 0. For illustration we
assume φ1τ is measured with a central value of φ1τ = 15◦. The plot shows the resulting allowed areas
to which the parameters Re(ζl), Im(ζl)are restricted if ∆φ1τ =±9◦ (red areas) and ∆φ1τ =±4◦ (green
areas).
However, if a non-zero value of φ1τ , e.g. φ1τ = 15◦±4◦ will be measured, the allowed pa-
rameter range of Re(ζl) and Im(ζl) can be restricted without knowing R12, see Fig. 9. If φ1τ
can be measured with a precision of 9◦ (4◦), the red (green) areas in Fig. 9 display the ranges
in which the parameters Re(ζl) and Im(ζl) must then lie. Fig. 9 is symmetric under a reflec-
tion at {Re(ζl), Im(ζl)}= {0,0} which corresponds to the sign choice in R11 =±
√
1−R212.
Because φ1τ can be measured only modulo pi , only the relative sign of Re(ζl) and Im(ζl) is
fixed.
Existing experimental upper bounds on the electric dipole moments of the neutron and of
atoms/molecules provide upper bounds on |Im(ζ ∗u ζd)| and |Im(ζ ∗q ζl|, which depend, how-
ever, on the masses of the neutral and charged Higgs bosons [39].
2. CP-violating Higgs potential and real ζl:
Another limiting case of the A2HDM, which is also relevant for CP violation in the τ decays
of the 125 GeV resonance, is the model with CP-violating tree-level Higgs potential but real
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alignment parameters ζu,ζd,ζl . In this case the reduced Yukawa couplings of the hi read:
Re(yid,l) = Ri1+Ri2ζd,l , Im(yid,l) = Ri3ζd,l , (29)
Re(yiu) = Ri1+Ri2ζu , Im(yiu) =−Ri3ζu . (30)
The couplings (29) and (30) depend on six real parameters. We assume that κ1τ and φ1τ will
be measured with the precision as stated in the preceding subsection. For ζl 6= 0, Eqs. (29)
imply
0 = κ1τ (R12 sinφ1τ −R13 cosφ1τ) ± R13
√
1−R212−R213 . (31)
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Figure 10. A2HDM with CP-violating Higgs potential and Im(ζl) = 0. Constraints on the mixing
matrix elements R12 and R13 assuming that measurements yield φ1τ = 0◦ (left plot) or φ1τ = 15◦ (right
plot). The red (green) areas show the allowed regions which would remain if φ1τ will be measured
with a precision of ∆φ1τ = ±9◦ (∆φ1τ = ±4◦). Notice that in the right plot the allowed regions are
restricted to |R12|< 1.
Relation (31) leads to constraints on the Higgs mixing matrix elements R12 and R13 which
are illustrated in the left and right plot in Fig. 10. We recall that φ1τ will be experimentally
determined with our method only modulo pi . Thus, if the central value of φ1τ turns out to be
zero, only the moduli R12 and R13 are constrained by (31). If φ1τ turns out to be non-zero,
the relative sign of R12 and R13 is fixed by (31).
The mixing matrix elements R12 and R13 are restricted already by measurements of CP-
even observables [40] and by existing upper bounds on electric dipole of the neutron and
of atoms/molecules [39]. These constraints in the R12−R13 plane are different from those
illustrated in Fig. 10. Thus, the measurement of φ1τ would, if interpreted within this model,
either be evidence for Higgs-sector CP violation or further constrain this scenario.
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B. Conventional 2HDM with neutral flavor conservation
As shown in [21] the aligned 2HDM contains as special cases the known ‘conventional’
2HDM with tree-level neutral flavor conservation based on (approximate) Z2 symmetries.
We briefly discuss the implications of future measurements of κ1τ and φ1τ on the parameters
of these models.
1. Type-I and type-II model:
In the 2HDM of type-I, only the doublet φ2 is coupled to fermions, while in the model of type-
II, Φ1 is coupled to dR, lR and Φ2 is coupled to uR. In these models no additional CP violation
besides the Kobayashi-Maskawa phase arises from the Yukawa matrices. The parameters
ζu,ζd,ζl , which are real in these models, are no longer independent, but are given [21] in
terms of the parameter β = arctan(v2/v1), where v1 and v2 are the vacuum expectations of
the neutral components of the doublets Φ1 and Φ2, respectively. Thus, CP-violating effects
caused by the Yukawa couplings of the neutral Higgs bosons hi require for both models (and
also for other conventional 2HDM) mixing of CP-even and-odd neutral states caused by a CP-
violating Higgs potential. In this context it is customary to start from the usual representation
of the doublets,Φ j =(ϕ+j ,(v j+ϕ j+ iχ j)/
√
2)T , ( j= 1,2), and diagonalize the 3×3 squared
mass matrix of the physical neutral Higgs bosons in the basis ϕ1,ϕ2,A,where A=−sinβχ1+
cosβχ2. This diagonalization is accomplished by an orthogonal matrix O. The neutral Higgs
fields hi in the mass basis are given by
(h1,h2,h3)T = O(ϕ1,ϕ2,A)T . (32)
The matrix O is related to the matrix R defined in (23) by
O = R
 cosβ sinβ 0−sinβ cosβ 0
0 0 1
 . (33)
For the type-I and type-II 2HDM with neutral Higgs sector CP violation the reduced scalar
and pseudoscalar Yukawa couplings (21) of the neutral Higgs bosons hi are given in terms of
the matrix elements of O as listed in Table II, cf. [41, 42].
In the type-I and -II 2HDM the neutral Higgs Yukawa couplings depend on 4 real parameters:
three angles with which the matrix O can be parametrized, and tanβ . Other couplings of the
hi and of H± also depend on (some of) these parameters. Constraints from B physics and
B0− B¯0 mixing imply that tanβ should be larger than 0.5− 0.7 [43]. Recently a number of
investigations were made within type-I and -II 2HDM with neutral Higgs sector CP violation,
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Table II. Reduced Yukawa couplings (21) to quarks and leptons of the neutral Higgs bosons hi in the
type-I and type-II 2HDM.
Re(yiu) Re(yid) = Re(yil) Im(yiu) Im(yid) = Im(yil)
Type-I Oi2/sinβ Oi2/sinβ −Oi3 cotβ Oi3 cotβ
Type-II Oi2/sinβ Oi1/cosβ −Oi3 cotβ −Oi3 tanβ
including [44–50], on how LHC and B physics data and the present upper limits on the
electric dipole moments of the neutron [51] and of the electron [52] constrain the mixing
angles of O. In the following we employ the parametrization of O in terms of three angles,
α , αc, and αb in the convention used in [48, 50]. In the CP-conserving limit of the type-I and
-II 2HDM αc = αb = 0. The bounds on the CP angles αc,αb derived in [48, 50] depend, in
particular, on the masses of the hi and H+. A measurement of the mixing angle φ1τ with some
precision in the τ decays of the 125 GeV Higgs resonance would yield significant information
on neutral Higgs-sector CP violation in the context of these models – independent of the
masses of the charged and the other neutral Higgs bosons.
This can be seen as follows. We identify the 125 GeV Higgs with h1. (The following ar-
gumentation can also be applied to the other neutral Higgs bosons.) For the Yukawa cou-
plings of h1 the matrix elements O1 j are relevant. Using the parametrization of O as in
[48, 50], we have O11 = −sinα cosαb, O12 = cosα cosαb, O13 = sinαb. That is, these
matrix elements do not depend on αc. Using that tanφ1τ = Im(y1l)/Re(y1l) and κ1,τ =
[(Re(y1l))2 + (Im(y1l))2]1/2, and using the reduced Yukawa couplings of Table II, we get
for
TypeI : tanαb =
cosα
cosβ
tanφ1τ , (34)
sinαb = κ1τ tanβ sinφ1τ , (35)
TypeII : tanαb =
sinα
sinβ
tanφ1τ , (36)
sinαb =−κ1τ cotβ sinφ1τ . (37)
Let’s assume that future measurements would yield φ1τ = 0◦± 4◦ and κ1τ = 1± 0.04. The
resulting constraints on the two-dimensional {|sinαb|, tanβ} parameter space of the type-I
and type-II 2HDM are shown in Fig. 11, left and right, respectively. The white (colored)
areas in Fig. 11, which depend on the assumptions on cos(β −α) stated in the caption of the
figure, are the remaining allowed (excluded) regions. The area above the solid red line would
be excluded, independent of the values of the mixing angle α .
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Figure 11. Exclusion ranges (colored) in the |sinαb|, tanβ parameter space, assuming that measure-
ments yield φ1τ = 0◦±4◦. The area between the solid red lines and the top of the plots will then be ex-
cluded, irrespective of the value of the mixing angle α . The dot-dashed blue, dashed black, and dotted
black lines are the boundaries of α-dependent exclusion ranges for fixed values of cos(β−α) = 0.4,0,
and −0.4, respectively. Left: type I model; right: type II model.
Constraints on sinαb and tanβ were derived in [50] using LHC results on h1, on searches
for h2,3, and the experimental upper bounds on the EDM of the neutron and the electron. In
some regions the constraints that will be obtainable solely from the measurement of φ1τ and
κ1τ are complementary to the constraints derived in [50]. In the region around tanβ ∼ 1 the
determination of φ1τ would actually provide a stronger constraint. One should also recall that
the measurement of φ1τ probes Higgs-sector CP violation directly, while EDM of leptons and
hadrons can be induced also by other non-standard CP-violating interactions.
2. Flipped, lepton-specific, and inert model:
The flipped 2HDM is defined by the coupling prescriptions dR↔Φ1 and uR, lR↔Φ2, while
the lepton-specific model is defined by lR ↔ Φ1 and uR,dR ↔ Φ2. Overviews on the phe-
nomenology of these models are given in [37, 53]. In the flipped 2HDM the Yukawa cou-
plings of the hi to u-type quarks and charged leptons are identical to the corresponding ones
of the type-I model, while the Yukawa couplings to d-type quarks are those of type-II. In
the lepton-specific model, the Yukawa couplings of the hi to quarks are those of the type-I
model, while the Yukawa couplings to charged leptons are those of type-II. Therefore, our
discussion in the previous subsection of how future measurements of κ1τ and φ1τ will provide
information on the CP-violating Higgs-mixing parameter |sinαb| within the type-I and type-
II models can be taken over. The left plot and right plot in Fig. 11 applies also to the flipped
and lepton-specific 2HDM, respectively. In these models, the branching ratio of h1→ τ+τ−
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can be larger than that of h1→ bb¯, contrary to the case of type-I and type-II models.
Finally, a remark on the so-called inert model, which is a 2HDM with an unbroken Z2 sym-
metry [37]. The Higgs-boson spectrum of this model contains a neutral state which is stable
and will therefore contribute to the dark matter density. In this model, the tree-level Higgs po-
tential is CP-invariant by virtue of the imposed Z2 symmetry. Thus the inert 2HDM predicts
sinφ1τ = 0 in h1→ τ+τ−.
V. CONCLUSIONS
We have investigated the precision with which the CP nature of the 125 GeV Higgs boson h
can be determined in its decays to τ−τ+ at the LHC (13 TeV). We have taken into account
all major τ-decays to charged prongs. Contrary to [13] where the impact parameter method
was used for all τ decays in order to define an observable ϕ∗CP which is sensitive to possible
scalar-pseudoscalar Higgs mixing parametrized by an angle φτ , we combined in this paper
two methods: We used the ρ-decay plane method for τ∓ → ρ∓ and the impact parameter
method for all other major τ decays. This combination leads to an increase of the sensitivity
of ϕ∗CP to the mixing angle φτ . In estimating this sensitivity we took into account the con-
tributions from the Drell-Yan background, and we have analyzed by Monte-Carlo simulation
how measurement uncertainties affect the signal and background ϕ∗CP distributions. We found
that the mixing angle φτ can be determined with an uncertainty of ∆φτ ' 15◦ (9◦) at the LHC
with an integrated luminosity of 150fb−1 (500fb−1). At the high-luminosity LHC with an
integrated luminosity of 3ab−1 a precision of ≈ 4◦ on φτ could be reached.
The precise measurement of the mixing angle φτ is of great importance for possible physics
beyond the Standard Model, because a non-zero value of φτ would signify a new type of
CP-violating interaction arising from an extended Higgs sector. We have analyzed the impact
of future measurements of φτ and of the hττ Yukawa coupling strength κτ on the parameter
spaces of a number of 2-Higgs-doublet extensions of the SM with Higgs-sector CP viola-
tion, namely the aligned 2HDM and several conventional 2 HDM with tree-level neutral fla-
vor conservation. Contrary to the information, respectively the constraints which arise from
the measurements of the electric dipole moments of atoms/molecules and the neutron, the
measurement of φτ yields direct information on CP-violating neutral Higgs-boson mixing,
independent of the mass-values of the other Higgs bosons.
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